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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

INVESTIGATION OF DISTRIBUTION OF LOSSES IN 
A CONSERVATIVELY DESIGNED TURBINE 
By Rose L. Whitney, Jack A. Heller, and Cavour H. Hauser 

SUMMARY 

A primary objective of turbine research is to obtain information 
that will aid in the design of gas turbines for any given application 
with minimum losses." As part of a program to obtain such information, 
flow svirveys downstream of both the stator and the rotor of an experi- 
mental turbine were made in order to obtain detailed information about 
the flow conditions and the losses within the machine. The single-stage, 
low-radius-ratio turbine studied is relatively conservative in design, 
having low rotor-inlet relative Mach number, low turning angle, and high 
reaction at the rotor- root section. Surveys of the flow conditions and of 
the losses within the turbine ane presented. The meas\ired over-all losses 
are analyzed in order to approximate the magnitudes of the various com- 
ponents of loss. 

It was found that the major losses in the turbine were in the rotor 
near the blade extremities. The losses in the tip region were consid- 
erably greater than those near the hub. The existence of secondary flows 
at the exit of both the stator and the rotor was indicated by the presence 
of low- velocity cores near both the hub and the tip sections. Analysis of 
the losses by an empirical method indicated that the rotor-profile and the 
tip-clearance losses are 31 and 9 percent of the adjusted measiared total 
rotor loss, respectively. The remaining 60 percent loss was attributed to 
secondary flows . 


INTRODUCTION 

One of the primary objectives of tvirbine research is to obtain 
information that will make possible the design of gas turbines for any 
given application with minimum losses. Detailed knowledge of the source, 
the location, and the magnitude of the losses is essential in the attain- 
ment of this objective. As part of a research program aimed at obtaining 
this information, s;rrveys of the flow conditions and the losses downstream 
of both the stator and the rotor were made in an experimental tinrbine. 

These surveys were made in a single-stage low-radius-ratio turbine 
of conservative design, having low rotor-inlet relative Mach numbers, low 
turning angles, and relatively high reaction at the rotor-root section. 
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The over-all performance of this tiorhine is presented in reference 1 for 
four rotor-hlade solidities. The highest efficiency (0.89) was obtained 
with the 44-hlade rotor, and the survey results presented herein were 
obtained at the design operating point for this configuration. 

The results of the surveys of the flow conditions within a turbine 
can be interpreted directly to obtain the over-all losses downstream of 
each blade row. However, in order to break down the total measured loss 
into the individual losses caused by the blade-profile boundary layer, 
the secondary flows, and the tip clearance, additional information is 
required. A method for calculating the profile loss for conventional 
turbine blading, based on two-dimensional cascade data, is presented in 
reference 2. Coefficients, based on a number of turbine investigations, 
are also given in reference 2 for approximating the losses caused by 
secondary flows and tip clearance. As an initial attempt to analyze the 
over-all measured losses from the flow surveys in a given turbine, the 
data given in reference 2 were used to differentiate between the various 
sources of loss in the machine . 

In this investigation, conducted at the NACA Lewis laboratory, the 
radial distribution of the flow and the losses within the turbine config- 
uration were studied. In addition, the over-all measured losses were 
analyzed in order to determine the approximate magnitudes of the various 
components of the losses. 


SYMBOLS 


The following symbols are used in this report : 


a 


cr 


critical velocity of sound. 



gRT* , ft/sec 


P 


R 


J 


L 


c. 


g 


specific heat at constant pressure, Btu/(lb)(^) 
acceleration due to gravity, ft/sec^ 
mechanical equivalent of heat, ft-lb/Btu 
loss, Btu/lb 

absolute pressure, Ib/sq ft 
gas constant, ft-lb/(lb) (^R) 


r 


s 


radius , in . 

specific entropy, Btu/(lb)(^R) 
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T temperature , 

T* temperature used in determining losses^ T*As = L, ^R 

V absolute velocity of gas, ft/sec 

a angle of absolute velocity, measured from tangential direction, 

deg 

y ratio of specific heats 

A prefix indicating change 

^ circumferential position 

p gas density, Ib/cu ft 

Subscripts : 
adj adjusted 

p profile 

R rotor 

S stator 

T tip 

u tangential 

X axial 

0 NACA standard sea- level conditions 

1,2,3 measuring stations in turbine 
Superscripts : 

* stagnation state 

APPARATUS AND INSTRUMENTATION 
Summary of Blade Design 

A conservatively designed single-stage turbine of free -vortex 
design was used in this investigation j it had low rotor- inlet relative 
Mach numbers, low turning angles, and hi^ reaction at the rotor-root 
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section. The low hub-tip radius ratio (0.6) and zero tangential component 
of exit velocity maie this design suitable for the last stage of a 
multistage turbine. The mean-section solidity of the 44-blade rotor was 
1.56, based on the axial chord. The design specifications and condi- 
tions for the turbine are presented in reference 1, which also includes 
the velocity diagrams and a discussion of the blade-profile designs. 


Turbine Installation 

Dry air at a temperature of approximately 80° F and a pressure of 
about 25 pounds per square inch absolute was first passed through a filter 
tank to remove any foreign material present and was then ducted to the 
turbine plenum chamber. After passing through the turbine, the air was 
exhausted to the laboratory altitude-exhaust system. The power output 
of the turbine was absorbed by an electric dynamometer. 


Ins trument at ion 

A schematic cross section of the turbine installation showing meas- 
uring stations is presented in figure 1. Inlet conditions at station 1 
were determined by three stagnation-pressure probes and three stagnation 
thermocouples . 

A radial stagnation-pressure survey made at a point 1 inch upstream 
of the stator leading edge showed almost complete recovery of the stag- 
nation pressure measured at station 1 except for relatively thin boundary 
layers at the inner and the outer walls. Similarly, surveys of the flow 
angle showed no whirl existing at the entrance to the stator -blade row. 

Flow conditions at the stator and the rotor exits, stations 2 and 3, 
respectively, were obtained by the use of a circumferential survey 
mechanism indicated in figure 2. This mechanism consisted of a complete 
circumferential ring with three mounting pads at station 2, 0.25 inch 
downstream of the stator trailing edge, and three moimting pads 1 inch 
downstream of the rotor trailing edge at station 3. The three pads were 
located 38° apart on the upper half of the casing. Probe actuators were 
mounted on these pads so that the probes could be remotely controlled to 
move to an y radial position in the annulus and coiold be rotated about 
their axes to any flow angle in the air stream. The entire survey ring 
could be circumferentially rotated 30° by means of a remotely controlled 
worm and gear drive. In addition, a thin flush ring was recessed in the 
fixed outer casing and driven by the probe actuator bases. The ring 
contained four wall static -pres sure taps equally spaced circumferentially 
at each station. The recessed ring also served to cover the six probe- 
actuator slots in the fixed casing. 

The stagnation pressirres at the exits of the stator and the rotor 
were measured with the center tube of a hook- type three-claw probe. The 
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static pressure at the stator exit was measiired hy a wedge-type static- 
pressure probe calibrated for Mach number and immersion effects. The 
static pressure at the walls of each station was measured by 16 wadi taps, 
12 located in the inner shroud and 4 located in the outer wall in the thin 
flush ring. The flow angle was obtained with both the three- claw probe 
and the wedge-type static-pressvire probe. A shielded thermocouple cali- 
brated for Mach mmiber effects was used to measure the stagnation temper- 
atijre at the rotor exit . The photograph in figure 3 shows the types of 
probe used in the flow sirrveys . 

Air flow was measured with a submerged 11. 75- inch-diameter flat- 
plate orifice installed in a 24- inch duct in confomnance with the speci- 
fications in reference 3. Turbine speed was measTored by an electric 
chronometric tachometer . 


Accuracy of Measurement 

The wedge-type static-pressure probe and the three-claw probe were 
calibrated for Mach number and immersion effects in an anniilar tunnel 
having the same dimensions as the turbine annulus. The shielded thermo- 
couple was calibrated in a variable-density jet over the same range of 
Mach numbers encountered in the flow investigation. The outer wall of 
the calibrating timnel was fitted with a probe-actuator mounting pad 
identical with the pads on the circumferential survey ring. This mount- 
ing, which permitted the probes to be axially alined with the flow in the 
tunnel and installed directly in the survey ring, eliminated any transfer 
errors in probe alinement. 

In order to establish that the outside claws of the three-claw probe 
were not interfering with the pressure measurements in the regions of 
fluctuating flow downstream of the rotor, check siorveys were made with a 
single-claw total-pressure probe. The probe was alined with the flow by 
adjusting it until a maximum reading was obtained. It was found that 
identical results were obtained, so the three- claw probe was used exclu- 
sively thereafter. The velocity gradients in the stator -blade wakes 
caused the three-claw probes to be sli^tly misalined with the flow 
direction in the blade-wake regions. However, the effect of this mis- 
alinement on the probe recovery coefficient is negligible. 

The integrated weight flow at station 2 checked the orifice-measured 
weight flow within 1.0 percent. The discrepancy between the integrated 
weight flow at station 3 and the orifice-measured weight flow was 2.0 per- 
cent. The difference between integrated and orifice-measured weight flows 
at station 2 was probably due to circumferential variations and unsteady 
flows. The comparatively large discrepancy between integrated and 
orif ice-measinred weight flows at station 3 downstream of the rotating 
blades was caused primarily by the fluctuating flow existing downstream 
of the rotor blades. The value of the velocity obtained from converting 
the total pressinre measured downstream of the rotor was somewhat larger 
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than the mass -averaged value because of the characteristics of the total- 
pressure probe in the fluctuating flow. As a result^ all the velocities 
measured downstream of the rotor were somewhat high^ and the survey 
results at this station should therefore be considered only qualitatively 
The results are primarily valuable in indicating radial variations of the 
flow conditions at the exit of the rotor. 


EXPERIMENTAL PROCEDURE 


Surveys were made downstream, of the stator and the rotor . Rotor and 
stator surveys were not carried out simultaneously y because wak.es. caused 
by the instruments downstream of the stator would affect instrioment read- 
ings downstream of the rotor. The rotor was surveyed at approximately^ 
design stagnation pressure ratio and speed. The stator was surveyed with 
the rotor removed from the casing. The weight flow for the stator survey 
was set to correspond to that of the orifice-measured weight flow of the 
rotor survey. The design values of corrected equivalent weight flow and 
stagnation pressure ratio are compared with the values measured at the 
rotor as follows: 



w ^Jq 

P3' 


6 

Pi!_ 

Design 

16.6 

1.75 

Survey 

17.3 

1.80 


Circumferential surveys were taken downstream of the stator at 
16 radial positions. Each circumferential survey covered slightly more 
than one blade passage and was complete enou^ to define the wake regions. 
Both static and stagnation pressures were determined. 


Radial surveys were made at several circumferential positions down- 
stream of the rotor. Circumferential variations were found to exist down- 
stream of the rotor because of the stator wakes that persisted through 
the rotor. In figure 4, which is a plot of stagnation pressure ratio 


— T against circumferential position^ the wakes are shown to occur 

approximately every 9^^ which is the angular spacing of 40 stator blades . 
Circumferential siorveys were therefore made at several radial positions 
in order to determine average values at each radius. Stagnation pres- 
sure, stagnation temperature, and flow angle were determined. 
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CALCULATION OF SURVEY DATA 
Stator Surveys 

In order to determine the radial variations of pressures, values 
obtained from circumferential sirrveys were mass-averaged according to the 
following equation over one blade spacing at each radius surveyed: 



Rotor Surveys 

Circumferential averages of stagnation pressure, temperati^e, and 
flow angle at several radial points were used in conjunction with radial 
surveys in order to determine the radial variations of stagnation pres- 
sure, temperature, and angle. The static pressure was assumed to vary 
linearly between the averaged values obtained from the inner-wall and the 
outer-wall taps. The local efficiency was computed from the exit stag- 
nation temperatures and pressures obtained from siirveys and the entrance 
stagnation temperature and pressure. 


Losses 

ijrj^g Posses were divided between the stator and the rotor in propor- 
tion to the entropy rise in each. The rise in entropy across the turbine 
at each radius was determined from the local measured values of entrance 
and exit stagnation pressures and temperatures. The loss through the 
turbine was then determined by subtracting the actual enthalpy change ^ 
from the ideal enthalpy change at each radial station. A temperatiire T 
was then determined such that the entropy rise multiplied by T would 
equal the total loss. The loss in the stator and that in the rotor at^ 
each radial station were determined by multiplying the local entropy rise 
in each by T*. The equations for calc\xlating the loss in this manner 
are given in the appendix. 


RESULTS AND DISCUSSION 

Surveys of the flow conditions and of the losses were made downstream 
of both the stator and the rotor of the turbine investigated. In addi- 
tion, an analysis of the over-all measured losses was made in order to 
approximate the various components of loss . 
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Stator Losses 


The losses at the exit of the stator are shown in the form of con- 


cores caused "by secondary flows exist at both the hub and the tip. In 
reference 4, photographs of smoke traces are presented which show the 
flow of the boundary- layer air along the upper and lower walls of a two- 
dimensional cascade toward the suction surface of the blade to form low- 
velocity cores of flow displaced radially inward from the hub and the 
tip similar to those observed in this investigation. 

By circumferentially mass-averaging the stagnation pressure ratio 

over one blade spacing for each radius surveyed, a radial distribu- 

... P2’ . 

tion of this ratio can be determined. In figure 6, this ratio - is 

Pi 

plotted against radius . The total-pressure drop near the hub of the 
stator is somewhat greater than that near the tip. The loss in total 
pressure over the center portion of the blade is nearly negligible. 


The results of the surveys of the flow conditions downstream of the 
rotor are presented in figures 7 through 9. 

The radial variations of flow angle at the exit of the rotor are 
presented in figure 7. The flow is seen to be underturned from the design 
value over the lower part of the blade height, overturned over part of 
the upper half of the blade, and underturned at the tip. The variation 
in flow angle near the hub is evidently caused by secondary-flow phenomena 
which evidently tend to increase the underturning a short distance away 
from the inner wall. 

The radial variation of the circimiferentially averaged values of the 


components corresponding to the measured flow angles over the blade height 
are shown in figure 8. The underturning near the rotor hub caused posi- 
tive values of the tangential valocity in this region. The dips in the 
axiaJ- -velocity distribution at radii of about 4.7 and 6.7 inches near the 
hub and the tip, respectively, are evidently the resiilt of low- velocity 
cores of vortices caused by secondary flows similar to those observed 
downstream of the stator. The tangential velocity at the rotor exit is so 
small that the corresponding loss in available work output is practically 
negligible . 


Pg' -P2 

tour plots of the pressure-loss parameter , ■ 


in figure 5. High- loss 


Meas\ared Flow Conditions Downstream of Rotor 



and the axial and tangential 
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(P\)3 

The radial variation of the specific mass-flow parameter / — r~ 

^cr^l 

is presented in figure 9 . The trends of this curve closely follow those 
of the axial-velocity component. 


Meas\ired Losses Downstream of Rotor 


The radial variations of the loss - mass-flow parameters are pre- 
sented in figure 10. The dashed line represents the stator loss multi- 

r (pVx)2 

plied hy a mass- flow parameter Lg ~ (p'a 


r ( 3 

Values of the rotor-loss - mass-flow parameter Lp — T—p- — ^ 

”rri vP “cr' 


are 


■ij “cr'l 

added to the stator-loss - mass-flow parameter to obtain the solid curve 
in figure 10. The value of the measured rotor-loss - mass-flow parameter 
is small compared with the over-all loss measured in the performance 
study because of the inherent errors in measurements downstream of the 
rotating blades. 


In order to obtain rotor- siirvey data which would agree with the 
over-all efficiency measured in the turbine-performance study, the meas- 
ured rotor-loss - mass-flow parameter was adjusted so that the sum of the 
integrated rotor loss from the adjusted survey data plus the integrated 
stator loss was equal to the loss measured from the performance investi- 
gation at the design point of operation. A radially constant correction 


was added to the rotor-loss - mass-flow parameter 


r P^x^ 3 
R r^ (p'a^j.)! 


to 


r (P^3 

obtain parameter Lp — 7 —, The adjusted parameter was added 

R,aaj (p'a(,j.)j_ 

to the stator-loss - mass-flow parameter to obtain the upper curve in 
figure 10. Even though the addition of a radially constant correction is 
arbitrary and probably is not exact, the over-all correction is suffi- 
ciently small that the loss distribution would not be appreciably changed 
regardless of the correction distribution used. 


Comparison of the stator-loss - mass-flow pairameter with the adjusted 
total-loss - mass-flow parameter indicates that the rotor losses consti- 
tute the major part of the over-all losses. 


It is evident from figure 10 that the greater portion of the loss 
occurs over the inner and the outer portions of the blade span; whereas, 
the loss over the center portion of the blade is comparatively small. 
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The losses over the outer portion of the blade near the tip section are 
considerably greater than those near the hub section. Any substantial 
Increase in over-all efficiency must be obtained by improved flow through 
the rotor-blade passages near the hub and the tip. 


Analysis of Stator and Rotor Losses 

A method for estimating the various losses in a tiirbine is given in 
reference 2. The evaluation of the profile losses is based on 
stationary-cascade data. The difference between the total loss and the 
profile loss is defined as the sum of the secondary-flow and tip- 
clearance losses. An empirical method for estimating the secondary-flow 
and the tip-clearance losses is also given. The method, which is based 
on stationary- cascade and turbine rotor data, may be used to predict an 
average secondaxy and tip-clearance loss based on the blade profile and 
the flow angles at the mean radius. 

By use of reference 2, profile losses were computed for the root and 
the mean sections of both the stator and the rotor and also for the tip 
section of the stator. Because the method does not extend to profiles 
such as those of the rotor-tip section, reference 5 was used in deter- 
mining the profile loss for that section. Although the data in refer- 
ence 5 are for decelerating compressor blading, the drag coefficient 
obtained for the tip section agrees well with extrapolated values of the 
profile-loss coefficient obtained for the hub and mean blade sections 
from reference 2. The losses determined from these references are 
expressed as loss coefficients in the form of the ratio of the drop in 
total pressure across a blade row to the exit dynamic pressure. A total- 
loss coefficient was calculated from the measured sirrvey data. Profile- 
loss coefficients for both the stator and the rotor were determined from 
the data given in references 2 and 5 which are based on two-dimensional 
cascade studies. The total-loss parameter L was then multiplied by the 
ratio of the profile-loss coefficient to the total-loss coefficient in 
order to obtain the profile-loss parameter Lp for each blade row. An 

indication of the secondary-flow and the tip-clearance losses is obtained 
by subtracting the calculated profile loss from the measiired total loss. 

A value for the tip-clearance loss for the rotor was calculated by using 
the formula given in reference 2. 


^ T 3T (pVx)2 

The measvired stator total-loss - mass-flow parameter Lg — - — ; ^ 

^T U ^cr^l 

obtained from surveys and the calculated profile-loss - mass-flow 
parameter Lq — i i — Q*re plotted against radius in figure ll(aj . 

s,p 

Over the center portion of the blade, the calculated profile loss is 
roughly twice the measured total loss. Evidently, the stator blades of 
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the turhine investigated herein have considerably less profile loss than 
those investigated in cascade and reported in reference 2 . The ineas\ared 
loss over the center portion of the blade is essentially constant and 
constitutes the level of the actual profile loss. The increased losses 
at the hub and the tip sections are caused by the additional shroud 
boundary layers and the secondary flows at the blade extremities. 


A breakdown of the rotor losses is presented in figure 11 (b) . The 
adjusted rotor-loss - mass-flow parameter obtained from surveys 
(pV ).z 

L_ and the calculated prof ile-loss - mass-flow parameter 

■^,adj (p'9-cr^l 

r (pVx)3 

^ — 7 — T" are plotted against radius . The area representing tip- 

(p 

clearance loss is proportional to the value of the loss calculated on the 
basis of information presented in reference 2 and is arbitrarily dis- 
tributed over the tip section of the blade as shown. 


For the rotor, the calculated profile loss agrees more reasonably 
with the adjusted total loss than it did for the stator. The profile 
loss is less than the adjvisted total rotor loss over the entire blade 
height, except at a radius of 5.2 inches where the two losses are equal. 
The value of the profile loss, mass-averaged over the entire blade height, 
is 31 percent of the value of the adjusted total rotor loss. The calcu- 
lated tip-clearance loss is 9 percent of the total rotor loss. The 
remaining 60 percent of the loss can be attributed to secondary flows. 

The secondary- flow loss determined in this manner is about twice as large 
as the secondary-flow loss predicted in figure 17 of reference 2 . 


SUMMARY OF RESULTS 

Surveys of the flow conditions and of the losses at the exit of both 
the stator and the rotor of a conservatively designed turbine suitable 
for the last stage of a multistage turbine were made in order to determine 
the radial variations of the flow and the losses within the tirrbine. The 
following resiilts were obtained: 

1. The major losses in the tirrbine were in the rotor near the blade 
extremities (hub and tip) . The losses near the tip of the blade were 
considerably greater than those near the hub. 

2. The surveys of the stator indicated that the losses over the 
center portion of this blade row were nearly negligible. Comparison of 
the stator-loss - mass-flow parameter with the adjusted total-loss - mass- 
flow parameter indicated that the rotor losses constituted the major part 
of the over-all losses . 
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3. Surveys at the exit of both the stator and the rotor showed low- 
y 0 locity cores near both the hub and the tip sections that indicated the 
existence of secondary flows. 

4. The rotor profile loss and the tip-clearance loss as calculated 
with an empirical method are 31 and 9 percent of the adjusted total meas- 
ured rotor loss, respectively. The remaining 60 percent of the loss was 
attributed to secondary flows . 


Lewis Flight Propiilsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland , Ohio 
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APPENDIX - METHOD FOR CALCULATING OVER-ALL TURBINE LOSS 


BETWEEN STATOR AND ROTOR 


The over-all turbine loss is divided between the stator and rotor 
in proportion to the entropy rise in each. The over-all loss Lj ^_2 at 

any radius may be calculated from the survey total-pressure and tempera- 
ture measurements at the rotor exit : 


L 


1-3 


^pTl' 




The entropy rise across the stator is 


As 


1-2 




- 



pi' 


(Al) 


(A2) 


The over-all entropy rise across the turbine is 


As 


1-3 * ®3 “ ®1 == ^p T ' 


In 


T3' 


R , P3' 

T In — T 


(A3) 


As shown in the temperature -entropy diagram of figure 12, a temperatiire 
T* may be defined such that 

T* Asj^_ 3 = T" (S3 - sj^) = L3^_3 


or 


T* = 


LI-3 

Asi-3 


> (A 4 ) 


After T* is obtained from equation (A4), the individual stator 
and rotor losses at any radius may be calculated from the following rela- 
tions : 


^1-2 = 

^2-3 "" h-3 " h-2 


(A5) 
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Figure 1. - Schematic diagram of turbine installation shoving measuring stations. 
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Figure 2. - Section of turbine shoving blading and instrumentation. (All dimensions 
in inches. ) 
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(a) Shielded 
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(b) Three- c lav 
stagnation- 
pressure probe. 


(c) Wedge-type 
static-pressure 
probe. 


Figure 3. - Survey instruments. 
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Figure 4. - Circumferential variation of stagnation pressure ratio at mean 
radius of rotor exit. 
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Figure 5. - Contours of pressure-loss parameter 
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downstream of stator. 
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Figure 6. 
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stagnation pressure ratio at stator exit 


I 


WACA EM E53A16 



Figure 7. - Radial variation of flow angle at rotor exit. 
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Figure 8. - Radial variation of critical velocity ratio, and axial and tangential 
components of critical velocity ratio at rotor exit. 
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Figure 9. - Radial variation of specific-weight-flow parameter at rotor exit. 
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Loss - mass-flow parameter, Btu/lb 



Figure 10. - Radial variation of loss - mass-flow parameter at exit of stator and rotor 
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Rotor-loss - mass-flow parameter, Lp 
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Figure 11. - Analysis of losses on basis of informa- 
tion presented in reference 2. 
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Figure 12. - Temperature -entropy diagram showing method 
for calculating losees for both stator and rotor. 
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